T
he receptor for TSH (TSHR) has captured our interest and imagination since it was first demonstrated to be a major human antigen in autoimmune thyroid disease. The original realization that the immunoglobulin fraction of sera from patients with Graves' disease incorporated unique human autoantibodies to the TSHR led to the unraveling of the great complexity that the TSHR exhibits in comparison with its orthologous partners; the LH and FSH receptors (1, 2) . The TSHR is a member of the class A G-protein coupled receptor (GPCR) family with 7 transmembrane regions. The holoreceptor consists of 764 amino acids divided into a large, highly glycosylated, ectodomain of 415 amino acids incorporating 11 leucine rich repeats and which has been crystallized bound to a stimulating TSHR antibody (3) . The ectodomain is linked to a distal signal-specific domain, which is a hinge region of 130 amino acids. The hinge region is attached to a transmembrane domain (TMD) of 349 amino acids typical of the GPCR family incorporating 7 transmembrane helices (TMHs) joined by extracellular (ECL) and intracellular (ICL) loops ( Figure 1) .
The TSHR undergoes a complicated posttranslational modification schedule that has taken years to fully define. It turns out that, in addition to the common posttranslational effects such as palmitoylation, sulfation, glycosylation, phosphorylation, and the expected receptor life cycle involving membrane endocytosis (where it continues to signal) (4) it then undergoes further processing that involves intramolecular cleavage of the ectodomain (5, 6), with likely surface membrane shedding (7), and dimerization and multimerization (8 -10) .
Because of its primary role in thyroid cell growth and function, as well as disease, the TSHR has been the target of a variety of therapeutic approaches. Although the original clinical use of semipurified porcine TSH was possible for short-term thyroid testing of TSHR function, it proved to have too many immune-related side effects in clinical practice, and the use of TSH was not widely adopted until the introduction of recombinant human TSH for detecting thyroglobulin release from metastatic thyroid cancer and for enhancing radioactive iodine uptake into thyroid glands (11) (12) (13) . In addition to the high cost of recombinant TSH, which is also a large glycosylated complex protein, there has been difficulty in maintaining a steady supply of high-quality material; therefore, a search for cheaper and more reliable TSHR agonists has been ongoing including the long search for more stably glycosylated superagonist TSH forms (14) . But the advent of small molecular ligand (SML) pharmacology has now opened a window onto new therapeutic potential at the GPCR level hot on the trail of the now widely available kinase inhibitors (15) . The search for such TSHR-active molecules is further advanced with the paper in this issue by Neumann et al (16) describing a potent SML TSHR antagonist characterized by a group that has been successfully pioneering this avenue after a number of false starts from other investigators.
Receptor-active SMLs may act on targets in a variety of ways. Direct blockade of an active site, for example, an enzyme about to phosphorylate a molecule, is the mechanism employed by the common kinase inhibitors. A second mechanism of action is via allosteric modulation. Allosteric means regulation from a distance and, in this capacity, suggests that a small molecule binding to a receptor is capable of regulating its function through changes in receptor conformation. This action may mimic endogenous ligand interaction as seen at the ␤-adrenergic receptor, which has been shown on crystallization to result in lengthening of TMH5 by 2 helical turns and a 14-Å outward movement of TMH6 (17) . Such allosteric activity may result in positive or negative modulation, and these small molecules are, therefore, referred to as positive allosteric regulators or negative allosteric modulators.
The most common site of GPCR-active negative allosteric modulators and positive allosteric regulators has turned out not to be the receptor ectodomain but rather the TMD. This is almost certainly because of the complexity of binding by the large ligands that bind to such receptors. TSH itself, for example, using homology modeling, is considered to have more than 52 binding sites (33 residues from TSH␣ and 19 residues from TSH␤) each contributing a binding affinity to the hormone receptorbinding interaction (18) . Clearly, because stimulation or blockade of all such binding sites could not be achieved with one small molecule, effective small molecules are more likely to activate or derail the signal transduction pathways rather than influencing the hormone-receptor interface. Hence, the advent of data-rich high-throughput functional screening methods has resulted in the identification of a large number of TMD-active compounds capable of influencing receptor function. In the case of the TSHR, the first compounds were found to be nonspecific, influencing the FSH, LH and TSH receptors with both agonist and antagonist activities (19 -21) . Neumann et al (21, 22) began to obtain specificity at the TSHR for a stimulating SML by chemically modifying an LH receptoractive agonist small molecule and showed its potency both in vitro and in vivo, and we have developed a structurally distinct and highly specific stimulating SML via highthroughput screening (23) . However, the clinical need has also been for a more potent TSHR antagonist that could block the TSHR antibodies of hyperthyroid Graves' disease allowing us to dispense with the side effects of the common antithyroid drugs (methimazole and propylthiouracil), which deter many physicians from their longterm use (24) . Neuman et al's first antagonist in 2008 was active in micromolar concentrations after which Van Koppen at al (25) reported a TSHR antagonist active in nanomolar concentrations in 2012, but both small molecules had questionable specificity. The new report from Neumann et al (16) in this issue of Endocrinology again used a chemical modification approach to increase the selectivity and potency of their SML and demonstrated its effectiveness in vivo. Their SML ANTAG3 inhibited the action not only of TSH but of a potent stimulating TSHR antibody (M22), suggesting its usefulness in the treatment of Graves' disease. However, the interpretation of the in vivo data is not as easy as it seems. Neumann et al first gave normal mice TRH to increase T 4 levels and found this to be approximately 50% inhibited by a large 2-mg dose of ANTAG3 given by ip injection. In a subsequent study they used the M22-stimulating TSHR antibody (Ab) to release T 4 in mice with their endogenous TSH suppressed by T 3 and again found approximately 50% inhibition. The lack of dose-response studies in the report suggests that a high concentration of antagonist must have been needed to achieve only 50% inhibition, certainly insufficient inhibition for clinical application. No doubt these modest effects will be improved with further increases in SML potency.
So how can a small molecule activate or inhibit TSHR signaling via allosteric changes? The recent advances in our knowledge of GPCR structure subsequent to success- shown in gray/black, is made up of 10 leucine-rich repeat domains (LRD) characterized as a "scythe-blade"-shaped structure with loops and ␤-pleated sheets obtained from the published crystal structure (3) (PDB:3G04). The region connecting the LRD and TMD, known as the "hinge" region, has recently been crystallized for the FSH receptor (46) (PDB:4AY9) and is shown as a looped structure (orange) with a helix conformation close to the carboxyl end of the LRD. The hinge in the TSHR has an additional sequence insert and is larger than in the FSH receptor. Therefore, amino acids 305-381 are missing in the illustrated model (47) , and this insert is depicted as a closed dotted loop. The TMD (yellow), with its 7 helices, is depicted as cylindrical structures connected to each other by the specific TSHR intra-and ECLs. The TMD is the region that harbors the allosteric binding pockets for the SMLs. ICL, intracellular loops; PDB, Protein Data Base. ECL, extracellular loops.
ful crystallography has allowed molecular modeling approaches to be applied to SML pharmacology. This has provided insight into critical aspects of binding of both endogenous ligands and SMLs in order to understand the receptor activation process (26) . The information gained from these models has provided structural explanations for the role of specific sequences and residues within the TMDs of these receptors. From the studies of patients with activating and inactivating TSHR mutations (27, 28) it is now known that the TSHR TMD is rich with such mutations that are peppered within the different helices as well as the intracellular and extracellular loops. Studies (29, 30) using model-driven site-directed mutagenesis have indicated that these signaling-sensitive amino acids often correspond with SML-binding sites and can be referred to as TMD "hot spots." Using site-directed mutagenesis and functional characterization, these allosteric binding regions for SMLs, both agonists and antagonists, distributed mostly in TMH 1-7 and ECL2 form 2 main structural clusters (29) . Cluster I is made up of residues in TMHs 3, 4, 5, and ECL2, and Cluster II consists of residues in TMHs 1, 2, and 7. These allosteric binding sites are independent of TSH binding and, therefore, have evolved much greater diversity than orthosteric sites and thus offer greater specificity. This has been of great advantage in not only redesigning molecules by chemical modifications in order to improve their potency and specificity, but also provided more discriminative pharmacophores as shown by Neumann et al (21) , who evolved their first TSHR antagonist from an agonist. Therefore, the "hot spots," both activating and inactivating mutations, within the TSHR TMD offer the possibility of finding newer more powerful agonists and antagonists using molecular modeling and high-throughput screening.
The data presented by Neumann et al (16) in this issue is strong proof of principle that SMLs directed to the allosteric binding pockets have the ability to tone down the signaling ability of the TSHR. One possible mechanism by which the inhibition of G protein signaling can be carried out by such an antagonist is by stabilization of the "ionic lock," a polar interaction between an arginine (R) located at the bottom of TMH3, which is part of a conserved, recurrent D/E-R-Y/W motif (aspartic acid/glutamatearginine-tyrosine/tryptophan) and the partly conserved glutamate (E)/aspartic acid (D) at the bottom of TMH6 (Figure 2 ). This locking would prevent the transmission of structural change when a stimulating TSHR antibody or TSH ligand itself binds to the receptor ectodomain by locking-in the basal conformation of the TSHR, which is constrained by the polar contacts between TMHs 2, 3, 6, and 7. Thus, the mechanistic ability to inhibit signaling can be considered analogous to a variable steering lock in a car, which will prevent the outward movement of helix 6, as earlier proposed, and thus prevent G protein coupling and activation by binding to the ICLs of the TSHR. On the other hand, molecules that are agonists to the TSHR may activate the receptor by destabilizing the ionic lock (17, 23, 26) and polar interaction between the helices. The next phase must be development of the molecular evidence in support of such models. Lastly, we need to consider that the TSHR is expressed in more places than the thyroid gland and can be expressed even in embryonic stem cells (31) . TSHRs are widely expressed in fibroblasts, adipocytes, bone cells, and a variety of additional cell types (32, 33) but have attracted a lot of attention in the retro-orbit (34 -36) . This is because the Graves' Triad Syndrome consists of thyroid disease with a dermopathy referred to as "pretibial myxedema" and an orbitopathy referred to as "Graves' Ophthalmopathy." There is considerable evidence that retro-orbital expression of the TSHR in the fibroblasts and adipocytes behind the eye may contribute to this difficult-to-treat orbitopathy, and serum TSHR-Ab levels tend to correlate with eye disease (37) (38) (39) . It has been hypothesized that blockade of the receptor may be a useful mode of therapy (40, 41) . However, it is not clear that merely inhibiting TSHR signaling, rather than removing the TSHR antigen from immune presentation, would help such a disease. One way such blockade could help is by reducing TSHR-Ab-induced cytokine release from retro-orbital fibroblasts. Such cytokines contribute to glycosaminoglycan generation and disrupt the osmotic pressure behind the eyes, causing muscle fiber damage and swelling (41, 42) . On the other hand, we also need to consider the potential side effects of widespread TSHR inhibition at the adipocyte (43) and especially on osteoblasts and osteoclasts where TSH action is osteoprotective and where long-term TSHR blockade may induce bone loss (44, 45) . Clearly, we have much to learn about the pharmacology and physiology of TSHR-active SMLs, and the journey is only beginning.
